A variety of procedures to isolate intact pre-antral follicles have been developed in our laboratories based on different concentrations of collagenase and DNase in a simple salt solution containing glucose as an energy substrate. The enzyme mixture effectively separates follicles of different sizes derived from ovaries of hamster, mouse, rat, pig and human. While no damage of the basal lamina is apparent for the hamster and human follicles, some loss is present in the other species. Follicles were classified into several stages or classes based on their diameter, the number of granulosa cell layers and the presence of an antral cavity. Pre-antral hamster and human follicles cultured in the presence of follicle stimulating hormone for up to 168 h developed an antral cavity with intact germinal vesicle oocytes.
Introduction
Folliculogenesis in the mammalian ovary begins with primordial follicles, which are oocytes surrounded by spindle-shaped immature pre-granulosa cells (Greenwald and Roy, 1994) . The primordial follicles enter the growing pool by hitherto unknown mechanisms to become primary follicles with unilaminar cuboidal granulosa cells (Byskov and Hoyer, 1994) . Follicular development past the primary follicle stage culminates in either the preponderant event of atresia or in ovulation. Granulosa, theca and interstitial cells presumably interact to carry out a variety of physiological processes; however, the contribution of each cellular entity to the overall functioning of the follicle is still unclear. Moreover, the functioning of these cell types is differentially modulated by endocrine and intra-ovarian paracrine factors, which makes their interaction even more complex (Roy, 1994; Tsafriri and Adashi, 1994) . To understand the regulation of follicular development by humoral and paracrine factors and cellular interaction, it is important to study follicular functions free of other ovarian cellular influences.
Attempts have been made to isolate intact follicles from rat (Grob, 1964) and rabbit (Nekola and Nalbandov, 1971) ovaries with limited success. Eppig (1977) and Eppig and Schroeder (1989) enzymatically isolated mouse primary follicles, which were without a basement membrane but grew in vitro with viable oocytes. Recently, Eppig and O'Brian (1996) have grown mouse primordial follicles to the primary stage in organ culture, isolated and cultured the primary follicles, and fertilized the oocytes grown in vitro. A few of the preimplantation embryos developed into live offspring upon transfer to pseudopregnant recipients. These results provide a significant step toward fulfilling the goal of growing human primordial follicles in vitro as elucidated by Hartshorne et al. (1994) , who also attempted to grow human fetal follicles and oocytes. Nayudu and Osborn (1992) have dissected mouse follicles with welldifferentiated thecal layers and attached ovarian stroma; these follicles had an incipient antrum and developed as far as the antral stage in vitro. We have developed successful enzymatic methods to isolate intact pre-antral follicles from ovaries of hamster (Roy and Greenwald, 1985) , mouse (Wang et al., 1991) , pig (Greenwald and Moor, 1989) , human (Roy and Treacy, 1993) and rat (Kishi and Greenwald, unpublished data). Torrance et al. (1989) have demonstrated that primary follicles isolated from 10 day old mice develop into multilayer follicles in collagen gel culture. Pre-antral follicles from the hamster and human contain intact basement membrane, as demonstrated by light and electron microscopy (Roy and Greenwald, 1985; Roy and Treacy, 1993) ; moreover, pre-antral follicles cultured in a chemically defined medium grow to become antral stage follicles (Roy and Greenwald, 1989) . Collagen gel-embedded mouse pre-antral follicles also develop into antral follicles upon transplantation under the kidney capsule; the oocytes of these follicles generate embryos following in-vitro fertilization (Telfer et al., 1990) . This article focuses on our techniques to isolate intact primary through secondary ovarian follicles from cycling hamsters, pigs, mice and women, and on methods of culturing hamster and human pre-antral follicles in vitro.
Materials and methods
Collagenase type I, DNase I, hydrocortisone and bovine serum albumin were purchased from Sigma Chemical Company (St. Louis, MO, USA), Dulbecco's modified Eagle's medium (DMEM) and antibiotic-antimycotic solution (penicillin, streptomycin and fungizone) were obtained from GIBCO (Grand Island, NY and Hazelton, Denver, PA, USA), ITS + [insulin, transferrin, selenium, lipoic acid and bovine serum albumin (BSA)] was supplied by Collaborative Research (Bedford, MA, USA) and ovine and human follicle stimulating hormone (FSH) were generously provided by the National Pituitary Program (Bethesda, MD, USA). All other analytical grade chemicals were purchased from various sources.
Collection of ovaries
Hamster and mouse ovaries were collected in KrebsRinger bicarbonate (KRBG) with 15 mM HEPES, pH 7.4 (Roy and Greenwald, 1985; Wang et al., 1991) without BSA from cycling animals kept in light-controlled quarters according to National Institutes of Health and Institutional animal care guidelines; porcine ovaries were obtained from a local abattoir; human ovaries were obtained from premenopausal women undergoing surgery for reasons other than ovarian disease. Porcine and human ovaries were transported to the laboratory in DMEM at room temperature. 
Follicle isolation

Hamster
Under a stereozoom microscope, large pre-antral (stage 6= 7-8 layers of granulosa cells and thin theca cell layer) and antral follicles (stages 7-10) were dissected out and cleaned of any adhering stromal tissue, which was saved for subsequent enzymatic digestion. The follicles were separated into various size classes using precalibrated mouth pipettes and collected in KRBG with 0.5% BSA at room temperature. The ovarian remnants were diced into ~1 mm square pieces and placed, along with the stromal fragments, in a 20 ml siliconized glass vial containing a mixture of collagenase (2407.3 U) and DNase (198 U) per 2 ml of KRBG without BSA per pair of ovaries and incubated at 37°C for 20 min with shaking; the suspension was agitated with a Pasteur pipette at 10 min intervals. The digest was filtered through a nylon mesh of 350 µm pore size into a 15 ml polypropylene tube containing 2-3 ml KRBG with 0.5% BSA; the vial was rinsed with fresh KRBG and the rinse was filtered. The tube was capped and centrifuged at 50 g at 4°C for 3 min and then the supernatant was discarded. The pellet was resuspended in fresh KRBG with 0.2% KRBG and poured into a 100 mm plastic Petri dish. The tube was washed and the rinse added to the dish.
Mouse
Antral follicles at stages 4-6 (Wang et al., 1991) were dissected as described above, collected on ice in KRBG with 0.5% BSA but without Ca 2+ and Mg 2+ (medium 1) and cleaned. Ovarian fragments were transferred to ice-cold KRBG (1 ml/ovary) with 0.5% BSA (medium 2) until all ovaries had been processed. At room temperature, collagenase (750 U/pair) and DNase I (100 U/pair) were added to the vial containing the ovarian fragments, mixed and the mixture digested as described for the hamster. The suspension was poured into a 10 ml polystyrene centrifuge tube and mixed with 5-6 ml of medium 1 and then centrifuged at 54 g at 4°C for 3 min. The supernatant was discarded, the pellet was resuspended in fresh medium 1 and the suspension then poured into a 100 mm plastic Petri dish.
Pig
Primordial oocytes: Porcine ovaries were collected in DMEM with 0.1% glucose at 30°C. The ovaries were dissected free of the corpora lutea and all large antral follicles (>1-2 mm) were punctured with a 25-gauge needle. The ovarian cortex was cut into small pieces and placed in 10 ml of an enzymatic solution containing 2.4 mg of collagenase type V and 0.5 mg of DNase I. The tissue was digested at 37°C for 2 h with gentle shaking in a water bath. The follicular digest was filtered through a 62 µm nylon mesh, and the remaining tissue fragments were transferred to a fresh 62 µm nylon mesh over a 10 ml polystyrene tube and washed with 10 ml of DMEM + 0.1% glucose + 0.2% BSA. After centrifuging at 511 g for 3 min at 4°C, the pellet was resuspended in 2 ml of DMEM + 0.1% glucose + 0.2% BSA and filtered through a 30 µm nylon mesh. The filtrate from each ovary was diluted with more DMEM + 0.1% glucose + 0.2% BSA to make 4 ml/ovary; 2 ml of the suspension was then layered over a freshly prepared 3 ml . Cross-section of healthy pre-antral hamster follicles after enzymatic isolation and separation into different size classes. No damage to the follicular morphology is apparent. 1-4 = follicles at stages 1 through 4 respectively, 5 = follicle at stage 5, and 6 = a developing follicle between stages 5 and 6 without any definitive theca layers. A clear-cut basal lamina and the absence of any definitive thecal cell are evident for follicles at stages 1-4; the presence of a few thecal cells (arrowhead) is evident for stage 5 follicles. From Roy and Greenwald (1985) . discontinuous Percoll gradient (20, 40, 60 and 80%) and centrifuged at 2043 g for 15 min at 4°C. The top 3 ml was discarded and the bottom 2 ml from two tubes was pooled and diluted to 10 ml with fresh DMEM + 0.1% glucose + 0.2% BSA and centrifuged at 908 g for 5 min. After discarding the top 8 ml, the bottom layer was diluted to 10 ml and centrifuged at 511 g for 5 min at 4°C. The pellet was resuspended in 2 ml of fresh DMEM + 0.1% glucose + 0.2% BSA and filtered through a 25 µm nylon mesh. The filtrate was passed through a 10 µm nylon mesh and then the mesh placed in a 20 ml glass vial and washed vigorously with DMEM + 0.1% glucose + 0.2% BSA to recover the retentate. The washing was centrifuged at 511 g for 5 min and the pellet resuspended in 2-5 ml of DMEM + 0.1% glucose + 0.2% BSA to collect the primordial oocytes. Porcine pre-antral and antral follicles: If possible, ovaries with no corpora lutea were selected because they enhanced the yield of pre-antral and antral follicles. Otherwise, the corpora lutea were first dissected from the ovary before proceeding with the first step. After discarding the medulla of the ovary, antral follicles ≥1 or ≥3 mm in diameter (stages 5 and 6; Greenwald et al., 1993) were dissected with a pair of blunt jeweller's forceps and saved in KRBG with 0.2% BSA. The ovarian remnants were diced and placed in 10 ml/ovary of DMEM with Ca 2+ and Mg 2+ containing 0.2% collagenase and then digested for 2 h at 37°C with mild shaking. They were monitored periodically for optimal digestion, washed several times with fresh DMEM + 0.1% glucose, and then transferred to DMEM + 0.1% glucose + 5 mM EDTA under transillumination with a dissecting microscope. The pre-antral follicles were gently released from the partially digested matrix with watchmaker's forceps. The follicles were then transferred to EDTA-free DMEM + 0.1% glucose + 0.2% BSA.
Human
Ovarian fragments were dissected free of any luteal or antral follicle remnants, the latter step being needed to avoid excessive granulosa cell contamination. The pieces were diced and placed in 5 ml KRBG with 15 mM HEPES, pH 7.4 containing 2472 U collagenase type I and 180 U DNase per ml of medium. The tissue was digested for 1 h at 37°C with gentle shaking and then an equal volume of 2× DMEM containing 0.5% BSA was added to the mixture, mixed thoroughly with gentle swirling and the digestion continued at 4°C for an additional 24-36 h. The mixture was checked at 12-14 h intervals and agitated with a wide-bored Pasteur pipette to ensure complete digestion of the ovarian matrix. The suspension containing the dissociated pre-antral follicles was centrifuged at 50 g at 4°C and the pellet resuspended in 20-30 ml of fresh KRBG + 0.2% BSA. A portion of the suspension was poured onto a plastic Petri dish to collect the follicles.
Collection of follicles
For hamster, mouse and human pre-antral follicles, mouth pipettes with an internal diameter corresponding to the follicle size were used to isolate follicles of different sizes. The follicles were separated into arbitrary size categories. Porcine primordial oocytes were isolated using mouth pipettes an internal diameter slightly larger than the follicle size (Greenwald et al., 1993) , while pre-antral follicles were separated into various classes under a dissecting microscope. Follicles were placed in KRBG + 0.2% BSA either at room temperature or on ice, depending on subsequent use.
In-vitro culture of pre-antral follicles
Long-term culture methods have been developed for hamster (Roy and Greenwald, 1989) and human (Roy and Treacy, 1993) pre-antral follicles. Isolated hamster follicles were transferred to DMEM containing 15 mM HEPES, 0.5% BSA, 1% ITS + , hydrocortisone and antibiotics as described previously (Roy et al., 1989 at room temperature under a laminar flowhood. A total of 300 µl of 0.65% sterile bacteriological agar (1:1 v/v 2× DMEM without supplements: 1.3% agar in water) at 40°C was added to each well of a 24-or 48-well tissue culture dish and allowed to gel on ice. Follicles of a specific size were collected in a small volume (10-20 µl) of DMEM with supplements in a mouth pipette and quickly seeded in 200 µl of liquid agar:DMEM (1:1) which was then added on top of the bottom agar layer. After cooling the agar (usually 2-5 min at room temperature), 0.5-1 ml of DMEM with supplements was added to each well and the follicles were cultured for various lengths of time up to 168 h in the presence or absence of gonadotrophins or steroids.
Human pre-antral follicles were seeded in 0.6% agar in a manner identical to that for the hamster follicles; however, the DMEM used had a higher glucose content (0.45%) for human cells.
Follicular DNA content was determined by a fluorometric method and the data were expressed as ng DNA per follicle as described by Roy and Greenwald (1986) . The rate of DNA synthesis was evaluated by [ 3 H]thymidine incorporation during a 24 h culture period, and the results were expressed as fmol [ 3 H]thymidine per mg DNA per 24 h. The steroid accumulated in the culture medium was assayed as described by Roy and Greenwald (1987) and the results were expressed as pg steroid produced per follicle per 24 h. The results were analysed statistically wherever needed using two-way analysis of variance with Duncan's multiple range test and Student's t-test. The level of significance was 5%.
Results and discussion
The enzymatic technique effectively isolated a substantial number of pre-antral follicles from all species studied. Stages of follicles obtained from adult hamsters are diagramatically represented in Figure 1 . In contrast to hamster follicles, mouse and porcine follicles (both pre-antral and antral) could be classified into six distinct stages (Tables I  and II) and human pre-antral follicles into two stages (Figure 2) . A large number of primordial oocytes from adult pig Figure 11 . Cross-section of pro-oestrus hamster follicles at stages 1-6 cultured for (a) 24 h and (b) 96 h in the absence (CONT) or presence of 100 ng of follicle stimulating hormone (FSH) or luteinizing hormone (LH). Dense silver grains in the cell nuclei depict [ 3 H]thymidine incorporation and DNA replication. Note the formation of an antral cavity in stage 6 pre-antral follicles after 96 h of culture in a serum-free chemically defined medium in the presence of FSH. From Roy and Greenwald (1989). ovaries were obtained, but the preparation had considerable somatic cell contamination which had to be eliminated by other procedures (Figure 3) . Morphologically, isolated pre-antral follicles from all species were mostly healthy. Quantification of atretic follicles in the hamster revealed that there was a certain proportion of atretic follicles at each stage (Table III) . However, the percentage of atretic follicles increased when follicles passed through stages 2-4 and dropped sharply at the transition stage (i.e. stage 7 with incipient antrum). Thereafter, the rate of atresia showed an upward trend with further follicular development, but the proportion remained noticeably lower than at the pre-antral stages (Table III) . Because the number of follicles in preantral stages is large, a significant pool of healthy follicles Figure 12 . Cross-section of a human class 2 follicle following 120 h of culture in the presence of human follicle stimulating hormone (100 ng/ml). Note the formation of an antral cavity during in-vitro development. From Roy and Treacy (1993) .
exists despite atresia. It is possible that the proportion of healthy versus atretic follicles may differ under different endocrine milieu during the oestrous cycle. Both hamster and human pre-antral follicles, of classes 1-5 and 1-2 respectively, had intact basement membranes (Figures 2 and  4) , indicating that, despite the possibility of a slight degradation of the outer layer of the basement membrane, the duration of exposure to collagenase was not adequate to remove the entire basal lamina and thus destroying the cellular arrangement and follicular morphology. However, for mouse pre-antral follicles, the basement membrane was not preserved until a definitive layer of thecal cells was present, which probably nullified the enzyme action on the basal lamina. No basement membrane was observed for porcine pre-antral follicles. This difference in follicle characteristics suggests that considerable variation in ovarian extracellular matrix composition exists among species and that fine tuning of the general methodology is required to suit the species of interest. The similarities in hamster and human ovarian response to collagenase indicate a considerable homology in ovarian matrix between these two genotypically distinct species.
Despite the presence of an intact basal lamina, no thecal cells were associated with hamster pre-antral follicles up to stage 5, i.e. follicles with 5-6 layers of granulosa cells (Figure 4 ; Roy and Greenwald, 1985) , and human preantral follicles in classes 1 and 2 (Roy and Treacy, 1993) . Mouse pre-antral follicles at stages 1-2 occasionally had a few cells attached outside the granulosa layer (Wang et al., 1991) ; whether these cells represented true thecal cells or stromal cells remains to be determined. However, large pre-antral and antral follicles from all species had definitive thecal layers. Table I . Classification of isolated mouse follicles. Intact follicles were dissociated from mouse ovaries and classified on the basis of the layers of granulosa cells and diameters. From Wang and Greenwald (1991) Pre-antral follicles of hamster, mouse and human were morphologically non-atretic and were able to synthesize DNA and steroid hormones in vitro (hamster: Figure 5 , mouse: Figure 6 , human: Figure 7 ). Most interestingly, hamster pre-antral follicles grew in long-term culture with progressive increases in DNA synthesis and steroidogenesis (Figures 8 and 9 ). Human class 2 pre-antral follicles were also steroidogenically competent (Figure 10) . Moreover, stage 6 and class 2 pre-antral follicles of hamster and human respectively became antral follicles within 96-120 h culture (Figures 11 and 12 ). Follicular atresia was not significant for stage 1-5 hamster and class 1-2 human follicles throughout the culture period, but stage 6 follicles showed atretic features by 96 h. However, follicular survival critically depended on the presence of FSH in the medium. Stage 6 hamster follicles have well defined thecal layers, and cellular growth results in a more complex structure requiring an in-vivo blood supply to the theca for delivery of nutrients and oxygen to the granulosa cell compartment. Nevertheless, pre-antral follicles from two very divergent species were differentiated into antral follicles in a serum-free chemically defined medium.
The methodologies of isolation and culture of intact follicles hold promise for the study of factors regulating follicular development and oocyte development in relation to the surrounding granulosa cells. Although full follicular development requires the presence of both granulosa and theca cells, culturing intact follicles without theca cells will elucidate the role of thecal humoral and cytokine factors on granulosa cell activities as well as oocyte maturation. Recently, Cain et al. (1995) showed that rat pre-antral follicles develop into antral follicles and presumably ovulate in vitro in the presence of luteinizing hormone (LH). This procedure appears to be an improvement over the method reported by Gore-Langton and Daniel (1990) ; however, it basically represents culture of fragments of the ovary as a monolayer. On the other hand, Eppig and O'Brian (1996) have documented that mouse primordial follicles can be grown in situ in an organ culture and the primary follicles so developed can be cultured in vitro for a long time for optimum oocyte maturation. These authors have also shown that these oocytes can undergo in-vitro fertilization and some of the embryos can develop into live offspring (Eppig and O'Brian, 1996) . In-vitro manipulation of the intext, early postnatal ovary offers a valuable model to generate mature oocytes for fertilization. However, these approaches cannot address the critical cellular interaction and contribution of each ovarian cell type involved in folliculogenesis.
